We summarize current trends in the analysis of physical properties (surface mass density, viscosity, elasticity, friction, and charge) of various thin films measured with a solid-state sensor oscillating in a gaseous or liquid environment. We cover three different types of mechanically oscillating sensors: the quartz crystal microbalance with dissipation (QCM-D) monitoring, surface acoustic wave (SAW), resonators and magnetoelastic sensors (MESs). The fourth class of novel acoustic wave (AW) mass sensors, namely thin-film bulk acoustic resonators (TFBARs) on vibrating membranes is discussed in brief. The paper contains a survey of theoretical results and practical applications of the sensors and includes a comprehensive bibliography.
Introduction
This paper introduces readers to microelectronic sensor devices based on surface acoustic waves (SAWs-sensors, Section 2) and on bulk acoustic waves (BAWs-sensors, QCM, Section 4, and thin-film bulk acoustic resonators (TFBARs, Section 5), addressing their physical principles, theory, and selected examples of practical applications. In the third section, we consider the magnetic analogue of SAW resonators, the so-called magnetoelastic sensors (MESs), ribbon-like oscillators that can be successfully used for remote query sensing of (bio)chemical or environmental changes. The fifth section with a brief discussion of a novel TFBAR technique concludes the first part of the paper. In the second part we provide selected examples of chemical and biological applications of the AW-based sensors and conclude with the outlook.
The mechanically oscillating sensors (or acoustic wave (AW) resonators) are commonly used for monitoring a negligible amount of surface mass. Also, AW devices enable researchers to measure other physical parameters such as thickness, viscosity, elasticity, and effects of roughness/sliding friction on thin films of different nature.
The main progress has been made in studying adsorbed molecular films, thin polymer films, and bioorganic layers on surfaces. Successful characterization of biomolecular systems in their natural aqueous environment is the important objective of biosensoring. The quartz crystal microbalance (QCM) and surface acoustic wave (SAW) sensors, which can operate in fluids, straightforwardly offer such a possibility. A polymer coated or biochemically modified sensor surface forms a "tolerant" biological interface which is available for further mounting of biomolecular complexes exposed to water solution. Biosensor systems based on functionalized QCM and SAW devices have become a suitable tool for in situ measurements in biofluids, in particular, for on-line detection of immunological reactions. The vast literature on SAW and QCM experiments and theory reveals a strong and continuous interest in this topic.
A special type of quartz resonator, the so-called electrochemical QCM (EQCM), is a sensor enabling detection of chemical parameters via electrical conductivity measurements both in the gaseous phase, vapours, and in various liquids. Typically EQCM is based on usage of electroconducting polymer arrays as a smart coating of the sensor surface.
Particular attention is focused now on biosensors and bioelectronics, biomedical and environmental applications of the AW sensors. A brief overview of the biology-related achievements is given in Section 6 (Chemical and Life Science Applications).
Journal of Sensors
New developments are coming now due to the rise of governmental and public interest to the terrestrial ecology and extraterrestrial research. A great benefit of the quartz oscillators is that their operation is gravity independent so they can be successfully used in space exploration research [1] [2] [3] . "The most widely used complex measuring instrument in science is still the balance." (NASA, http://trs-new.jpl.nasa.gov/dspace/handle/2014/39937.) QCM-based sensors are planned to be used [4] during The European ExoMars Rover Mission, which is prepared by ESA for a launch in 2009 and is devoted to the "search for life or traces of it, and of water, as a precondition for the existence of highly complex organisms." (ESA MISSION, http://www.esa .int/SPECIALS/ExoMars/SEM10VLPQ5F 0.html.)
Another challenge is to use the quartz sensors for ecosystem observations and pollution control [5] . Terrestrial and marine applications of the QCM include coastal developments [6] , aquatic microbial probes [7] , studies of the ocean bio-foul [8] , and safety and security [9] .
For the convenience of reading, we organized the paper in the following way. Each chapter contains brief information about the basic principles, theory, and applications of the AW devices of a particular type. A special chapter on chemical and life science applications contains illustrations and basic principles of surface nanocomposite functionalization of AW sensors. The references are placed at the end of the paper. The list of companies that manufacture acoustic sensors of each type is appended after the list of references (see Appendix 6.4).
Physical Principles of Acoustic Wave (AW) Sensors.
A biosensor device can be defined as an analytical microelectronic device either based on a combination of biomolecular sensor elements and a solid state transducer or applied to living organisms to monitor biological and biochemical processes in there [10] . Biocomponents conjugated with a solid state transducer provide a high selectivity to chemical analytes to such a hybrid device while the transducer element (e.g., metal electrode) can measure with a high precision and then convert the input chemical information into a digital electronic signal. In biosensors, common transducers are amperometric, potentiometric, and conductiometric devices, optical sensors, thermal detectors, and acoustic sensors.
An acoustic biosensor is a type of a sensor device, where the transducer element is based on a solid slab of piezoelectric material that can generate acoustic waves in the sensor's substrate. The most popular material for the acoustic sensor substrate is a quartz crystal cut in specific crystallographic directions (the so-called AT-cut and ST-cut quartz plates) so that the angle of the plate in the quartz crystal supports a shear deformation. We consider two different types of piezoelectric resonators, namely, bulk acoustic waves (BAWs) sensors based on a thickness shear vibration mode for AT-cut quartz and surface acoustic waves (SAWs) devices with a shear horizontal (SH) mode for ST-cut quartz and Rayleigh surface wave (RSAW) sensors.
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Figure 1: Principle of biosensor construction. Typically a biosensor device consists of a sensitive biomolecular layer (grafted polymers, supported membranes, bioreceptors, nucleic acids, enzymes or antibodies) immobilized onto the surface of solid substrate (transducer) that can measure the output signal (e.g., electrical catalytic current in enzyme-based biosensors, mass changes in acoustical piezoelectric resonators, etc.).
These devices are widely used now not only in a gas but also in liquid environments, in particular for biomolecular detection in biological fluids and immunosensor applications. In parallel with quartz resonators, we discuss two novel types of AW devices, namely, silicon-based resonators, (TFBARs) and magnetoelastic ribbon-based sensors (MESs) that recently received considerable attention for acoustic sensor technology.
The sensitivity of the acoustic sensor is proportional to the energy in the propagation path. In the bulk acoustic wave mode of propagation, the energy disperses from the oscillating surface of the transducer though the coating material. The ratio between the energy dissipated during one period of oscillation and the energy stored in the oscillating system determines the quality factor (Q-factor) of the resonator, an important characteristic of the device. In surface acoustic wave sensors, the energy is trapped near the oscillator surface, which increases the sensitivity of the device in measurements of the surface mass of thin films (see Section 2, in particular, Section 2.2).
Surface Acoustic Waves Sensors

Surface Acoustic Wave (SAW) Resonators: SH-SSW and RSAW.
Primarily, surface acoustic wave (SAW) sensors have been designed and used for the detection of (toxic) chemical components in the gaseous phase. In the latest developments many research groups have used SAW-based devices for biological sensing in liquid environments as well.
The last two decades of intensive experimental efforts in the field of SAW-based biosensors include the design and fabrication of horizontally polarized shear waves-(SH SAW-) based devices, Love wave sensors, and Rayleigh-type surface acoustic wave sensors (RSAW), mass-sensitive devices operating in the high frequency range between 100 MHz and a few GHz. The usage of interdigital transducers (IDT) for the generation and detection of surface acoustic waves allows a Journal of Sensors 3 strong confinement of the acoustic energy to the surface of the piezoelectric slab regardless of its thickness [11] . Due to this confinement, the shift in acoustic wave velocity Δv due to the surface mass change is very sensitive to the variations in viscosity, elasticity and electrical conductivity of the deposited layer. SAW-based sensors are widely used for detecting gases and volatile compounds. In liquids, after coating with layers of surface bound receptive layers (such as adsorbed antibodies or covalently bound hydrogel bound layers), these sensors can be used as biosensors by themselves or can be integrated with microfluidic systems [1, 12] . The interested readers can find further information on the latest technical developments in SAW biosensors in the excellent review by Länge et al. [13] and in the valuable product review article by Harris [9] .
Love Wave Sensors.
Surface waves on plane interfaces have amplitude which decays exponentially with the normal distance from the solid surface on which they propagate [14] . The so-called Love waves are of special interest for the SAW design. The related physical effect was originally discovered by Love. (A.E.H. Love. Some Problems of Geodynamics Cambridge University Press, Cambridge (1911).) He observed an effect caused by earthquake waves far from the epicenter due to the lower acoustic wave velocity of waves propagating along the stratified geological layers. Love wave device, a type of SH SAW sensors, is based on the finding that losses of acoustic energy to the bulk substrate can be drastically reduced by a resonating surface bound layer. Simultaneously, an acoustic bound layer resonance leads to a higher sensitivity of the sensor to surface mass. A Love-wave resonance is excited when the layer has optimal thickness and appropriate material parameters [11, 13] . polymethyl methacrylate (PMMA) coating was found a suitable wave-guiding material for these purposes. The first Love wave biosensor on PMMA-on-quartz-crystal was reported by Gizeli et al. [15] . PMMA served as a host matrix enabling a further mounting, for example, a coating with additional gold film, followed by thiol SAM-or a peptide layer deposition.
Two different types of biosensors based on Love wave devices are presented in [12, [16] [17] [18] ; see also papers [11, 13] for a review.
SH SAW Sensors.
The SH SAW sensors can be constructed on coated piezoelectric substrates like quartz, lithium niobate and lithium tantalate cut in a special way (e.g., Figure 2 , shows the Y-cut X propagating lithium tantalate substrate. Two acoustic modes are excited by the electrodes in this crystalline direction). The phase velocity of surface shear waves, V , is lower than that of bulk shear waves, V 0 in the semi-infinite elastic half-space (i.e., the substrate). This difference in phase velocity can be monitored with high accuracy in SAW devices. Sensitive coating with polymer films results in the observation of resonant conditions in both modes as the layer thickness is increased. The shift in phase velocity ΔV = V − V 0 and the damping coefficient Γ-,simply the imaginary part of the SAW wave vector q, depend on the surface mass and mechanical parameters of the layer coating the oscillator's surface.
From the analysis of the dispersion equation at no-slip boundary conditions between the coating thin layer and the resonator surface, one can find for the phase velocity shift and for the damping coefficient of the resonator the following expressions:
Here ρ 0 is the density of the crystal substrate, μ 0 is the elastic shear modulus of the substrate, ω is the oscillator frequency, ρ s ≡ ρh is the surface mass of the thin coating film, and ρ, η, and h denote the film density, shear viscosity and thickness, respectively. In fact, the no-slip condition, for example, when the LB film is covalently bound to the substrate, corresponds to the Love wave polarization.
The coating film in biological applications can be a protein adsorbed layer, Langmuir-Blodgett film or supported lipid membrane. In the case of a double layer coating with different surface densities of the sublayers, (1) can be generalized to [19] 
Here ρ s1 , ρ s2 values represent the surface density of the sublayers in the film. The result for the damping coefficient for the thin bilayer coating is given by the formula [19] 
The surface mass and viscosity effects in biomolecular films can be measured also in other types of acoustic experiments, using the so-called bulk acoustic waves, or the BAW mode of propagation. 
Rayleigh Surface Acoustic
This result has been corrected for soft layers by accounting for the elastic moduli of the layer material (this correction for the Rayleigh polarization has been reported elsewhere [20] ).
The first experimental realization of RSAW-based biosensors has been reported by Wohltjen and Dessy in 1979 [21] . The interested readers can find an account of later RSAW developments in gas sensing [22] [23] [24] and biosensors in [25] and in the extensive review by Länge et al. [13] (see also the outlook section, for microfludic applications [26] [27] [28] [29] ).
Magnetoelastic Sensors (MESs)
Magnetoelastic ribbon-like oscillators are considered as the magnetic analogue of surface acoustic wave sensors [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] . Typically, they are made of amorphous iron-or nickel-based "ribbons" (or thick films) such as Metglas (means metallic glass) (Allied Signal Corporation, Honeywell, http://www51.honeywell.com/honeywell/), a novel type of magnetostrictive materials ( Figure 3 ). The big advantage of ferromagnetic magnetostrictive ribbons is the small size (5.0 cm × 1.0 cm × 30 mkm) of the strips and the low materials cost making this microsensor technology suitable for in situ measurements of chemical agents and contaminants in various media. In such magnetoelastic sensors (MESs) the longitudinal elastic standing waves are excited by an ac magnetic field at the mechanical resonance frequency when the conversion of the magnetic energy into elastic energy is at maximum [30] .
Magnetoelastic thick film sensors also have the important advantage of enabling wireless operation and monitoring and are important new tools in sensoring and biosensoring [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] .
The fundamental resonance frequency of a ribbon-like MES is given by
Here L is the ribbon length, E is the Young's modulus, and ρ is the ribbon material density.
For a small mass gain attached to the one side of the oscillator, the resonance frequency change is equal to
Taking into account the elastic stress in the case of a uniform coating film, the ratio of the measured frequencies before and after the coating application is given by the formula [31] where the index " f " corresponds to the film parameters, M is the mass of the sensor, and m tot is the total mass after coating. Formula (7) enables us to deduce the film elasticity E f from experimental data in gas or vacuum. In bulk liquid measurements, the change in resonance frequency of the magnetoelastic ribbon of density ρ and thickness d is proportional to the square root of the product of the density ρ l and the shear viscosity η of the liquid [31, 32] :
The quality factor Q for low viscosity liquids is related to the damping and has the same form as the expression for the Q-factor for QCM resonators, namely
The expressions (8) and (9) give a correct result only in the case of an ideally smooth oscillator surface. The correction for the roughness which increases the viscous damping contribution has been published elsewhere [32] . Another correction factor is attributed to the effects of geometry that has been recently found in [45] .
Among chemical and biomedical applications of wireless MES one can mention the remote query environmental monitoring [30, 33, 34, 42] , bloodstream chemistry [38, 44] , safety [39] , bioaffinity detection [40] , and many others.
Future developments in this field include in situ and in vivo experiments for example, gastric pH monitoring through the digestive tract [36] or measurements of enzymatic reactions in tissues and organs [37] .
Bulk Acoustic Waves Resonators
The Quartz Crystal Microbalance with Dissipation (QCM-D)
Monitoring. In addition to "genuine" surface waves, another type of shear waves can propagate in the plane of an overlayer-substrate interface. These are bulk acoustic waves (BAWs). The acoustic BAW-based sensor shown in Figure 4 consists of a thin disk of AT-cut quartz crystal plate with metal (typically, gold) electrodes deposited on either side. When driven electrically to resonate, the crystal produces shear mechanical stress, acoustic shear waves which propagate out from the crystal faces. The fundamental frequency of the device in vacuum is given by formula
where h 0 is the thickness of the quartz plate, ρ 0 is its density, and μ 0 is the shear elastic modulus of quartz (e.g., the fundamental resonance of a quartz oscillator is 5 MHz for a 0.33 mm crystal). It has been found that the resonant frequency of such quartz plates decreases when its surface is coated with an overlayer constituting a mass load. The experimental fact that the changes of the surface mass are proportional to the shift of the crystal resonant frequency is the fundamental operational principle of quartz crystal microbalance (QCM).
Quartz crystal microbalance (QCM) is a thickness shear mode resonator which fundamental frequency is sensitive for even negligible changes in its surface mass ΔM (a microbalance principle of operation). For a small amount of mass deposited onto the QCM surface, the shift of resonance frequency is proportional to the surface mass ΔM of the deposit (Sauerbrey, 1959) [46] :
Equation (11), known as Sauerbrey's formula for the decrease of the resonance frequency, can only be used for thin films rigidly attached to the QCM surface.
When one face of the device is brought into contact with an aqueous solution, the shear waves are strongly absorbed within a few microns of the surface. The crystal detects changes in viscosity and density in this region by monitoring the change in its resonance frequency and damping due to the viscous dissipation in the overlayer. Experimentally, it is convenient to obtain this viscous dissipation as the width of the resonant frequency or as the dissipation factor D [47] [48] [49] [50] [51] [52] :
Here, τ is the time constant for the decay of the vibration amplitude, the dissipation factor value is equal to the reciprocal quality factor Q.
When the rigid film is replaced by a Newtonian bulk liquid of shear viscosity η, the QCM resonant frequency shift is given by the following expression (Kanazawa and Gordon, 1985, [51] ):
so the total response Δ f for the system of a QCM rigid filmimmersed-in-water is the sum of contributions from the film surface mass (11) and from the viscous contribution of water (13) . However, a theoretical analysis shows that for nonrigid deposits this result is not valid. It was found that the viscous loss of energy in the overlayers causes the deviation from ideal behaviour and results in a nontrivial reduction in measured surface mass of the film,
where M is the "true" film mass and the viscous correction factor α depends on the mechanical properties of both the overlayer material and of the aqueous solution η, ρ. This reduction in resonance frequency has been predicted for the first time for the special case of viscous membrane bilayers [19] . Meanwhile, this result has been generalized for the case of arbitrary soft (viscoelastic) deposits [53] . For soft deposits, it was found that the reduction in liquid phase QCM measurements of surface mass M s comparing with the "true" mass Mof the film is:
Here G is the storage modulus and G is the loss modulus of the soft (viscoelastic) overlayer, index "1" denotes the film properties, and index "2" corresponds to the liquid phase, respectively. For the QCM-D characterization of macromolecular multilayer assemblies such as polymer "brush" films, adsorbed protein layers, or tethered supported membranes the mechanical properties of a viscoelastic material must be taken into account (for review, see, e.g., Johannsmann's paper [49] ). A big family of polymeric coatings which conserve their shape and do not flow is well described by homogenous layers of Voight viscoelastic solids (a model element with parallel arrangement of a spring (for elasticity) and a dashpot (for viscous damping)). Even this relatively simple theoretical model has allowed us to demonstrate the most important consequences of adsorbate viscoelasticity [54] in terms of a deviation from the Sauerbrey relation relevant for a gas environment and ultrathin layers.
For the QCM operating in a gas phase or vacuum, it has been found that for the no-slip boundary conditions and in special case of thin soft overlayer:
In the case of a viscoelastic bilayer under a bulk layer of Newtonian liquid (index "B"), the calculated QCM response is given by the formulae:
Formulae (15)- (18) the primary result of our early work [54] . The results of the theory can be applied for an analysis of QCM-D acoustic measurements of surface densities and/or shear viscosity and elasticity for thin polymeric coatings, adsorbed layer of proteins, or supported membranes after the transferring onto the solid substrate and in both the liquid and gaseous experimental conditions (Q-Sense). Also, the results are useful for understanding the shear response of biological bilayer membranes with a different composition of upper and lower monolayers corresponding to the observed compositional asymmetry of red blood cell membranes supported by an elastic substrate (protein network), bioaffinity measurements, immunological reactions, diatoms adhesion, and many others (see for review, [55] [56] [57] [58] [59] [60] [61] 
QCM as a Mechanical Spectroscopy Tool.
The quartz crystal microbalance can naturally be considered as a mechanical spectroscopy tool which can monitor the viscoelastic material properties by probing samples performing small-amplitude oscillations at prescribed frequency ω [62] . Several groups have reported on the application of the QCM to the viscoelastic characterization of thin organic overlayers in a frequency range from a few Hz to about 100 MHz (for a review, see [49] and references. therein).
In particular, as a mechanical spectroscopy tool, the quartz crystal resonator can probe the storage and loss moduli of a thin soft polymeric sample such as adsorbed biomolecular layers, polymer cushions or liquid crystalline polymers in small amplitude oscillations where polymer materials exhibit linear viscoelasticity [62] . The experiments with thin films are of particular interest from the point of view of surface science since the viscoelastic moduli of a thin layer sample can sufficiently differ from the corresponding bulk magnitude.
Thin-Film Bulk Acoustic Resonators
Thin-film bulk acoustic resonators (TFBARs) are based on a vibrating small solid membrane that is fabricated onto a silicon substrate that can be functionalized with a sensing nanocomposite coating [63, 64] (Figure 5 ). TFBARs have attracted experimental attention since this novel technique is a high-Q-factor wireless system operating in the microwave region from 1 to 10 GHz [65] [66] [67] [68] [69] . This type of resonators meets the requirement for low-cost and small size sensors with the benefit of a high working frequency in comparison with similar SAW-based devices. The main progress in TFBARs has been triggered by FBAR filters applications for the telecom industry, particularly, in mobile phones [66] [67] [68] . Silicon-based TFBARs can be considered as a highfrequency version of the quartz crystal microbalance [64] .
In gas measurements, the mass sensitivity S m of the TFBAR oscillator increases with the square of the operating frequency:
and the surface mass density Δm S is proportional to the measured sensor signal Δ f :
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Here f 0 is the resonant frequency of the TFBAR, ρ 0 , h 0 are its density and thickness, respectively.
Depending on the structure, surface geometry, and composition of the sensing coatings, the mass sensitivity of the TFBAR systems can be sufficiently improved for nanocomposite layers embedded into a host polymer or another organic coating, for example, cadmium arachidate matrix with embedded SWCNTs arrays [64] .
In vapour and liquid TFBARs measurements, the effects of viscosity must be taken into account [66] . Recently, fabrication and successful usage of TFBARs for biosensor applications have been reported in [68] . For the analysis of the experimental data of TFBARs in liquids, the theoretical models of Stockbridge [47] and Kanazawa and Gordon [51] have been used [66] .
For correct interpretation of TFBARs measurements of viscoelastic and biological materials in liquid applications, formulae (14)- (18) can be of great help.
There are certain limitations of liquid and biological applications of TFBARs. Due to the higher operation frequency, TFBARs resonators are much thinner than QCMs and thus, more fragile. In general, the important engineering challenge is the optimization of the resonators' geometry from the view point of the sensitivity-to-noise ratio [66] .
This TFBARs technique is a very promising method in view of biosensor purposes and, in particular, a combination of TFBAR devices in microfluidic arrays opens a new route towards lab-on-chip applications, microanalysis, and small size immunosensors.
Selected Examples of Applications of AW Sensors
Chemical and Life Science Applications of SAW-Based and BAW-Based Sensors.
Biosensors based on acoustic resonators, like other bioanalytical methods such as immunoassays or enzyme assays, use biological compounds as the receptive overlayer that can distinguish between adsorbed analytes. Recent applications of thin layered films like selfassembled monolayers and supported bilayers (Figure 6(a) ), Langmuir-Blodgett (LB) films (Figure 6(b) ), protein monolayers ( Figure 7 ) and multilayers of complex biomolecular architecture ( Figure 8 ) as receptive layers in biosensors have stimulated detailed studies of the physical properties of such structures. Among novel promising nanomaterials for the surface functionalization of sensors one can list also stimuliresponsive polymer coatings, synthetic receptors, and carbon nanotubes. In particular, a thin-film bulk acoustic resonator functionalized with a nanocomposite LB layer of carbon nanotubes has been recently suggested as a fast response sensor for high-performance gas detection [63, 65] . With these model systems it is possible to construct multilayer amphiphilic films with controlled monolayer thickness and to create different coupling strengths between the adsorbed film and the chemically modified substrate. Specifically measurements of surface density and viscosity of these films are important both scientifically and, for example, with respect to their possible application in acoustical biosensors, electronic nose and electronic tongue in which they can serve as sensitive elements. This is also valid within the segregated (sublayer) structure model of adsorbed protein layers (Figure 7) . The structure of the protein layer resembles a surfactant film composed of segregated head-and-tail regions. In this case, the relation between the upper and lower layer viscosities may vary in strong dependence of the phase state of protein and amphiphilic monolayer, respectively. The dynamic (shear) viscosity of amphiphilic films is a key-importance rheological characteristic of a protein film or a fluid membrane, which is strongly dependent on temperature and phase state of the film, and on environmental conditions. Usually LB or SAM film acoustic sensors operate in vacuum or in a gaseous environment. In contrast, a lipid-water system or a protein layer adsorbed onto a solid surface in a fluid experiences "wet" conditions or a bulk aqueous medium at room temperature, which can change the viscosity of the film. In addition, the biomolecular layer adsorption process is extremely sensitive to the nature of the solid substrate in the sense that it can modify the overlayer structure schematically depicted in Figures 6(a) and 6(c) . This is also valid within the segregated (sublayer) structure model of adsorbed protein layers (Figure 7) . In this case, the relation between the upper and lower layer viscosities may vary in strong dependence of the phase state of protein and amphiphilic monolayer, respectively.
Amphiphilic bilayer films on supports can imitate the behavior of a bilayer lipid membrane. The constituent bilayer molecules are composed of hydrophilic groups attached to hydrophobic chains of different length. The phase diagrams of such amphiphilic molecules demonstrate a rich variety of properties and behavior depending on temperature and water content. Above the liquid crystalline-to-gel transition the hydrocarbon chains are approximately liquid and a bilayer membrane behaves like a two-dimensional fluid in the lateral plane due to the vanishing shear modulus of elasticity. Such a peculiar fluid is isotropic in its plane but it is anisotropic in the normal direction due to sublayered head-and-tail structure [19] . Viscous properties of the layer can be characterized by different viscosity values, namely, the surface viscosity, and a "bulk" shear viscosity [70] .
The surface viscosity of a fluid amphiphilic film is often considered to be a two-dimensional analogue of bulk viscosity and defined as the coefficient of proportionality between the tangential force per unit length and the gradient in the flow velocity of the liquid. These averaged surface characteristics can be measured, for example, by an interface shear rheometer at air-liquid interfaces or by using the oscillating barrier method in a LB trough. In contrast to η, the "microscopic" shear viscosity may be defined as a contribution of fluid disordered chains. The "microviscosity" of the membrane core can be determined experimentally, for example, by a probe technique, and describe the local viscosity near the probe [71] . This "microviscosity" is often identified with the true membrane viscosity. However, this experimental technique could give rather different results with a strong dependence on the probe material and on the interaction between the probe and its local surroundings. Both of these viscosities may be changed after the deposition of an amphiphilic layer on the solid surface.
Both types of resonators (SAW and BAW) [19, 70] can be applied for the detection of phase transitions in biomolecular films adsorbed onto the surface of the sensor. These acoustic devices allow us to measure the acoustic response of the biofilm or supported lipid membrane in the lipid phase transition region where the viscosity of the membrane is subject to dramatic changes. For instance, during the liquid crystalline to gel transformation of a lipid membrane, the viscosity of the bilayer changes by more than 10 times, while the membrane density remains practically constant [70] . It is an interesting experimental fact that the two halves of a bilayer lipid membrane are so weakly coupled, that they can undergo a thermotropic phase transition independently. This must lead to changes in the SAW damping coefficient, while the corresponding SAW phase velocity shift due to the presence of the bilayer will be constant.
When the system is immersed in a water solution, anisotropy can arise from water trapping into the layer. This can result in a distinct overlayer viscosity in comparison with an air environment. This is especially important for protein adsorbed layers with nonuniform interfacial region structure and water distribution in the normal direction. These effects are also important for the lipid vesicles adsorption measured with QCM [72, 73] .
In addition to its importance for biosensor applications, the study of the hydrodynamic modes of fluid amphiphilic films and adsorbed proteins are generally important for understanding the dynamics of lipid-water systems and the rheology of biological membranes. It is known, for instance, that living cell membranes, for example, in red blood cells experience shear stress in hydrodynamic flow through capillaries. As the lipid bilayer matrix of the membrane is a two-dimensional incompressible liquid adjacent to an elastic protein (spectrin-actin) network, the hydrodynamics of this layered structure are governed by the coupling of the fluid membrane to shear flows in an external bulk liquid. Recent efforts in measurements of hydrodynamic effects in QCM applications are reported in [74] .
QCM in Electronic Nose
Applications. Among artificial sensor systems, the array of electronic chemical sensors (electronic nose) working in gaseous environments and imitating the mammalian sense of smell remain, the primary instrumentation, although sensors operating in aqueous phase and having the same properties of electronic nose (the so-called electronic tongue) have been reported [74] [75] [76] [77] [78] [79] [80] [81] [82] . In many cases, the electronic tongue can be regarded as a wet chemical counterpart of the electronic nose. Recently, the integration of the electronic nose, and the electronic tongue into a multisensor device has been proposed to improve the quality analysis of liquid samples and related volatile components. The simultaneous usage of these two types of sensors covered with the same sensing molecular compounds (metalloporphyrins) has been used by, for example, authors [75] to optimize the characteristics of the sensor.
A special type of quartz resonators, the so-called electrochemical QCM (EQCM), is a sensor enabling detection of chemical parameters via electrical conductivity measurements both in gaseous phase, vapours, and in various liquids. Typically the EQCM is based on usage of electroconducting polymer arrays as a smart coating for the sensor surface.
If the QCM device is used as a mass sensor in electronic tongue applications, the density and viscosity of the solution affect the resonance frequency of the oscillator. The classical result of Gordon and Kanazawa [51] is applicable here with a correction for a possible missing mass effect contribution [53] . The latter can be useful for interpreting QCM data in electronic tongue and biosensor applications since the correct estimation of the mass derived from the QCM response can be a crucial step towards using the microbalance as a sensor in complex biological liquids, where biomolecules or cells adsorbed from the solution make a soft layer on the receptive surface of the oscillator. In some situations, it is useful to combine the voltammetric electronic tongue (or EQCM) and QCM technique to relate the mass changes and charge transport problem in analytic chemistry applications and in situ electrochemical measurements [83] . For example, it has been reported elsewhere [76] that if a coating composed of redox active polymers, the QCM can monitor the mass changes which accompany the redox processes in polymer matrix. There the relationship between the charge, a measure of the total number of electrons produced or consumed in redox reactions, and mass transport has been derived from the combined QCM and voltammetry data.
Electronic noses based on the QCM device have been widely used as gas sensors to "smell" volatile organic compounds (VOCs) in food, olive oil, and wine industry applications as well as in health care and environmental monitoring, for security and safety purposes [77] [78] [79] [80] [81] [82] [83] .
The Problem of Sliding Friction for Viscoelastic Adlayers.
Successful applications of quartz resonators as a sensor element in electronic noses and electronic tongues (or EQCMs) bring up the fundamental question of how internal friction (effects of viscosity) and interfacial friction (slippage) can affect the QCM resonance frequency shift Δ f and, hence, the mass sensitivity. In cases when the overlayer material exhibits a viscoelastic behaviour, both internal and interfacial friction may contribute to energy dissipation. Depending on the situation, the former or the latter type of friction may dominate. Recently, a dynamic "slip/no-slip" test that can be applied to QCM thin films spectroscopy has been suggested elsewhere [62] . The test is based on the theoretical finding that the peak in the viscous dissipation ΔD depends on the frequency while the peak value of the ΔD dissipation factor caused by sliding friction is frequency independent. It has been shown [62] that the combined action of these two mechanisms may cause a nonmonotonic variation of the shift in the dissipation factor ΔD of quartz oscillator when adlayer parameters are varied.
The effects of interfacial slippage must be taken into account when the condition of rigid attachment of the adlayer to the oscillator surface is violated. A finite amount of slippage can arise either from incommensurate densities [84] or weak coupling between the aldayer and the substrate and influence both the resonance frequency f and the oscillator dissipation ΔD (a comprehensive and extensive analysis of sliding friction can be found in the recent review by Krim [85] and in the book by Persson [84] ).
For a quantitive characterization of slippage effects it is convenient to use the ratio of the inverse quality factor Δ(1/Q) ≡ ΔD to the shift Δ f of the QCM resonance frequency. This value has been introduced for the first time in the QCM community by Krim and Widom [86] as a "slip time":
According to the results of Krim and Widom [86] , a partial decoupling of the overlayer should occur when 2π f τ ≥ 0.5. Such a relatively low decoupling threshold can lead to noticeable interfacial friction effects even in the case of molecularly thin films. In nanotribological QCMexperiments of Krim et al. [86, 87] , the interfacial friction coefficient γ f γ f = 1 τ ∼ m f (22) has been found be proportional to the surface mass density m f = ρ f h f of the film. The authors [86] attributed the "slip time" τ as a relaxation time associated with film-momentum fluctuations. This result can also be viewed as the definition of the slip time as the characteristic time it takes for the film velocity to decrease by a factor of 1/e. However, it has been shown [62] that for soft (viscoelastic) materials this result should be corrected because of additional viscous dissipation in the overlayers. In analogy with (21) , in order to characterize the temporal QCM response when no-slip boundary conditions apply, another characteristic value can be introduced:
Here Δ f is negative and tilde denotes no-slip conditions. Defined in this way, the characteristic time τ 0 can be attributed solely to the effects of internal friction (shear viscosity) on the damping of the QCM. One can find the coefficient of slippage, λ ≡ 1/γ, from the experimentally measured τ S value as follows:
Simultaneous measurements of Δ f and ΔD in QCM-D experiments at different frequencies open a way to estimate the coefficient of slippage, for example, by comparing the frequency behaviour of the dissipation factor at maximum [62] for various environmental parameters.
Future Outlook.
Recent trends and the future outlook in the design, fabrication, and utilization of AW-based sensors span many different fields and interdisciplinary research. Sensor development stretches from nanoscale technology needs to terrestrial ecosystems (including the ecology of oceans and environment studies) and even extraterrestrial research. Surface acoustic wave-(SAW-) based devices are the most popular high frequency systems due to their extraordinary success in mobile and wireless communication, in electronics and the sensors industry [88, 89] . These SAW piezoelectric oscillators [90] as well as BAW devices such as quartz crystal microbalance have now got a varied number of applications ranging from high precision gravimetrical measurements to biosensors. The selected examples are the usage of acoustic wave devices in the marine research [5, 6] , coastal developments and biofoul control [7, 8] , acousticcounterflow microfluidics by surface acoustic waves [27] [28] [29] , Life sciences and health care service [81, 83, 91, 92] , safety, security, and Man-Portable Threat Warning Systems [9] , further development of a microbalance system for dust and water vapour detection in the Mars atmosphere [1-3] and AW-sensors for astrobiology research [4] .
There is a rapid progress in the material science of new polymeric coatings and dynamic macromolecular assemblies for biosensor purposes (see, e.g., the excellent reviews of Lehn [93] and Sanchez and coworkers [94] ). The frontier chemical strategy for the innovative structures manufacturing is the combination of integrated synthesis and selfassembly or nanobuilding block techniques [71, [93] [94] [95] [96] , usage of hybrid Metal Organic Frameworks (MOFs) [94] , and nanoclay-based compounds [97] , new porous materials [95] , and bioinspired structures functional coatings [98] [99] [100] .
The combination of novel polymeric materials, synthetic or natural, with the advanced surface science nanotechnologies (a polymer pen lithography for the surface patterning is a selected current example [101] ) will be a further step towards the design of "smart" biosensors of new generation.
Valuable information on recent trends in sensors technology the reader can find also in the International Frequency Sensor Association web portal [10] .
